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Patterns and Dynamics of SVZ Cell Migration
in the Postnatal Forebrain: Monitoring Living
Progenitors in Slice Preparations
with the rapid growth of blood vessels (Caley and Max-
well, 1970), which must be encircled by processes of
astrocytes. Several studies suggest that these postnatal
glial progenitors migrate radially in conjunction with a
system of radial glia. For example, following retroviral
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New York, New York 10032 labeling of progenitors in the SVZ, labeled cells in the
cortex are radially aligned in groupings, as expected if
they were migrating on radially oriented glial processes.
Indeed, some processes of labeled cells with immatureSummary
morphology are closely apposed to radial fibers (Zerlin
et al., 1995). The migration of progenitors from the SVZGlial progenitors colonize the CNS widely in the peri-
to the neocortex ceases by P14 (Levison et al., 1993),natal period, but the pathways and mechanisms of
coinciding temporally with the collapse of the radial glialmigration are not well understood. We investigated
scaffolding (LeVine and Goldman, 1988; Misson et al.,the migration of progenitors from the neonatal rat fore-
1991). The appearance of labeled cells in the lateralbrain subventricular zone (SVZ) by labeling them in
cortex temporally follows that in the lateral white mattervivo with a retrovirus encoding green fluorescent pro-
(Zerlin et al., 1995), consistent with pattern of lateraltein and visualizing movements by time lapse micros-
migration along white matter before entrance into thecopy in slices. Cells within the dorsolateral SVZ moved
overlying, lateral cortex. This migration pattern seemsin an undirected fashion but migrated radially and tan-
to be similar to that followed by immature neurons fromgentially after emigration into white matter, cortex,
the ventricular zone into the lateral cortex (Bayer et al.,and striatum. Cells in the striatal SVZ migrated parallel
1991). In areas of lateral white matter, radial fibers turnto the ventricular surface. During migration, elonga-
in shallow S-shaped trajectories toward the ventrolateraltion of the leading process and nuclear translocation
cortex (Misson et al., 1991; De Carlos et al., 1996).were independent or linked. Orthogonal turning in-
The SVZ is much larger than the VZ, from which neu-volved either cessation of cell body movement and
rons originate, and the SVZ does not appear to have aformation of a new leading process or continuous cell
pseudostratified structure (Boulder Committee, 1970).body movement and bending of the leading process.
Movements of progenitors within the SVZ itself have
not been examined, however, and could give clues to
internal organization if specific patterns of migrationIntroduction
were found.
To study the dynamics of progenitor migration in de-In the mammalian CNS, the great majority of glial cells
of the forebrain and cerebellum are generated in the tail, we labeled cycling SVZ cells in vivo with a retroviral
vector encoding the cDNA for green fluorescent proteinperinatal period from progenitors in the subventricular
zone (SVZ). From there, immature cells migrate widely (GFP) and then monitored the movements of labeled
progenitors in acute slice preparations with time lapseinto gray and white matter. Early studies with [3H]thymi-
dine labeling in vivo suggested the SVZ as a major video microscopy. GFP, from the jellyfish Aequorea vic-
toria, produces fluorescence without an exogenouslysource of glia (Altman, 1966; Paterson et al., 1973). More
recent analyses using retroviruses expressing reporter added substrate (Prasher et al., 1992), and therefore its
signal can be monitored in living cells (Chalfie et al.,genes have directly demonstrated that the great majority
of progenitors in the postnatal SVZ generate astrocytes 1994; Zhuo et al., 1997). Furthermore, several in vitro
studies have indicated that the expression of GFP doesand oligodendrocytes, which assume mature forms after
they reach their final destinations (Levison and Gold- not appear to interfere with growth or function of mam-
malian cells (Chalfie et al., 1994; Gubin et al., 1997).man, 1993; Luskin and McDermott, 1994; Zerlin et al.,
1995). An exception to this is the most anterior aspect Glial progenitors migrate in an apparently undirected
manner in the dorsolateral SVZ, in a direction parallelof the SVZ, which generates olfactory bulb interneurons
(Lois and Alvarez-Buylla, 1993; Luskin, 1993, 1998). to the ventricle in the striatal SVZ, and then follow radial
and tangential pathways once they emigrate and enterThe migration pathways and migratory behavior of
glial progenitors have not been as well studied as those the white matter, cortex, and striatum. The GFP signal
also allowed us to visualize details of cell migration,of neuronal progenitors. To colonize the CNS widely,
glial progenitors must traverse great distances along including the growth and branching of processes, and
the translocation of nuclei within the cell. Such translo-white matter tracts, or through dense environments of
gray matter in which large numbers of neurons have cation can occur synchronously with or independently
from the growth of cell processes.already settled in their appropriate positions and are
beginning to elaborate dendritic arbors and synaptic
connections. In addition, the gliogenic period coincides Results
We performed two lines of preliminary investigation to* To whom correspondence should be addressed (e-mail: ak463@
columbia.edu). clarify the final fates of the GFP-expressing cells and to
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Figure 1. Features of Glial Cells as Final
Fates of GFP-Expressing Progenitors
Confocal images of GFP-expressing glial cells
in P28 brains.
(A) An astrocyte with multiple processes in
the cortex attached to and encircling laminin-
labeled blood vessels (red).
(B) Two oligodendrocytes in the striatum ex-
tending multiple, fine processes to neurofila-
ment-labeled axon fibers (red).
Scale bar, 10 mm for (A) and 15 mm for (B).
confirm the main spatial features of cell dispersion in GFP-expressing cells in living slice preparations on
the early postnatal brain, following injection of GFP ret- P3±P4 were imaged over a period of 4 to 8 hr (see
rovirus into the dorsolateral SVZ of the rat forebrain on Experimental Procedures). GFP-expressing cells were
postnatal day 0±1 (P0±P1). First, we examined the final mainly observed in the dorsolateral SVZ (Figure 2A) and
fates of the GFP-expressing cells in brains fixed at P28. were also scattered in the adjacent white matter, cortex,
The large majority of GFP-labeled cells could be catego- and striatum as well as in the striatal SVZ, a region of
rized as mature glia. Astrocytes displayed the typical SVZ along the lateral wall of the ventricle. The great
bushy appearance and showed processes that ended majority of GFP-expressing cells in all regions dis-
on blood vessels, the latter visualized by immunostain- played an immature morphology: an oval to round cell
ing with anti-laminin antibody (Figure 1A). Immunocyto- body, a single, thick leading process, occasionally with
chemistry with anti-glial fibrillary acidic protein (GFAP) a few lamellar expansions, and sometimes a thin trail-
antibody was also used to support further the astrocyte ing process (Figure 2B). Less frequently, cells with a
identification (data not shown, but see Levison and few processes were observed in cortex and striatum
Goldman, 1993, for example). Myelinating oligodendro- (see movies [http://www.neuron.org/cgi/content/full/23/3/
cytes displayed fine processes connected to myelin 461/DC1]). Such cytological features are similar to those
sheaths, which ran parallel to axon pathways, visualized of immature cells observed in prenatal and postnatal
by immunostaining with anti-neurofilament antibody brains in vivo (Rakic, 1972; Kishi, 1987; Levison and
(Figure 1B). No cells with neuronal morphologies or cells Goldman, 1993; Zerlin et al., 1995). In addition to such
positive themselves for neurofilaments were observed. immature cells, a small proportion of GFP-expressing
We examined a total of 474 GFP-expressing cells. In cells, roughly less than 5% of the total positive cells,
the cortex, of the 116 positive cells, 64.6% cells were showed morphological features of developing astrocytes
characterized as astrocytes, 28.5% as oligodendro- and oligodendrocytes (Zerlin and Goldman, 1997). Be-
cytes, and 6.9% were others (including cells with imma- cause the cell bodies of such differentiating glia did not
ture morphology). In the white matter, of the 207 positive migrate, although their cell processes moved consider-
cells, 16.9% were astrocytes, 74.9% were oligodendro- ably, these cells were not included in this study. No
cytes, and 8.2% were others. In the striatum, of the 151 GFP-expressing cells with features of radial glia (Rakic,
cells, the percentages were 43.8%, 48.3%, and 7.9%. 1972; Voigt, 1989) were observed, even though radial
Thus, the final fates of the GFP retrovirus±infected cells glia were present at this time. The level of intensity of the
appeared to be identical to those observed in a previous GFP signal was maintained during observation periods
retroviral study with a b-galactosidase reporter (Levison from 4 to 8 hr.
and Goldman, 1993). In addition, the GFP-positive glia
were distributed extensively in the cortex, white matter,
Progenitors Move in an Undirected Mannerand striatum in a coronal plane at the level of injection,
in the Dorsolateral SVZa distribution pattern identical to that seen in previous
In the dorsolateral SVZ, roughly two-thirds of the GFP-retroviral studies (Levison et al., 1993). Second, we
expressing cells (n 5 84, total 114 cells) showed movementfound that the distribution of GFP-expressing cells in
of the cell body. As a population, SVZ cells appeared toliving slices made at P3±P4 was identical to that seen
in fixed slices at the same early times (Zerlin et al., 1995). move in an undirected manner rather than in a directed
Figure 2. GFP-Expressing Cells in Slice Prep-
arations
(A) A low magnification view of a coronal slice
of the P3 forebrain showing many GFP-
expressing cells in the dorsolateral SVZ close
to the angle of the lateral ventricle (v) and
several cells in the adjacent white matter and
striatum.
(B) GFP-positive cells in the dorsolateral SVZ
with immature features: an oval-shaped cell
body and a single cytoplasmic process.
Scale bar, 100 mm for (A) and 40 mm for (B).
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Figure 3. Time Lapse Imaging of a GFP-Expressing Cell in the Dorsolateral SVZ
Movement of a GFP-expressing cell in the dorsolateral SVZ on P3 is monitored with time lapse fluorescence microscopy for 6 hr. Each frame
represents a single optical section from a series of digital images, the time of which is noted in the upper right corner. An arrow in each frame
points out the location of the cell body. A schematic drawing of the migration pathway of this cell is denoted in inset in the bottom right
corner, in which S indicates the initial location of the cell body. Solid arrows indicate rough migrating directions. This cell shows several
changes in direction, first moving dorsally, then ventrally, then turning laterally, and then beginning to move dorsally again.
Scale bar, 80 mm.
fashion (Figure 3). The direction of movement of the Progenitors Migrate Directionally
after Leaving the SVZindividual cells varied, some migrating linearly and oth-
ers turning at various angles (Figure 4). Since each circle After emigrating from the SVZ, progenitors showed di-
rected movement into and through the overlying whitein Figure 4 represents the position of each cell at succes-
sive 9 min intervals, the lines connecting the dots reflect matter and cortex. In the cortex, most GFP-expressing
cells (n 5 25 cells) migrated in a radial direction, towardthe cell's velocity during that time (see legend for Figure
4). Note that cells do not migrate with uniform velocities, the pial surface (Figure 6A and Movie 1 [hhtp://www.neu
ron.org/cgi/content/full/23/3/461/DC1]). A small numberbut rather vary, at times stationary, at other times, migra-
tory. The direction in which the leading process ex- of cells (n 5 3) changed from a radial to a tangential
direction (Figure 6A, asterisk). We observed a few cellstended always anticipated the direction of movement
of the cell body. In contrast, the remaining one-third (n 5 (n 5 2) that actually reversed direction and migrated
radially back toward the underlying white matter (Figure30) of positive cells showed no cell body displacement
during the 4 to 8 hr of observation. In these cells, how- 6A). Cells in the white matter just dorsal to the SVZ
moved ventrodorsally, in a radial fashion, like cells inever, the cytoplasmic processes moved actively, show-
ing extensions and retractions (Figure 5). Such behavior the dorsal cortex (data not shown). In this region, one
cell oscillated in its migration, first moving dorsally, thenusually occurred in a single process, but there were cells
in which a new process extended after or during the ventrally, and then dorsally again. Two cells actually
reversed direction and migrated back into the dorsolat-retraction of an existing process. Sometimes, the new
growth emanated from the proximal aspect of the single eral SVZ.
Progenitors migrated along the lateral white matter inprocess, and sometimes it originated from the opposite
pole of the cell. a proximodistal direction with little or no turning (n 5
Neuron
464
and GFP-labeled progenitors. As observed by confocal
microscopy, the processes of progenitors in the striatal
SVZ were preferentially oriented orthogonally to the vi-
mentin-expressing radial fibers (Figure 7A).
We observed several cells that migrated from the dor-
solateral SVZ into the striatal SVZ (data not shown),
indicating that mixing of the cell populations occurs.
Once in the striatal SVZ, these cells continued moving
in a ventral direction.
Progenitors emigrated from SVZ into the striatum at
various angles, from oblique to radial (Figures 6C and
6D). Within the striatum, the GFP-expressing progeni-
tors (n 5 32) migrated via distinct pathways, which ap-
peared to show a grid-like orientation (Figure 6D and
Movie 2 [http://www.neuron.org/cgi/content/full/23/3/
461/DC1]). A large number of cells migrated mediolater-
ally, radially to the ventricular surface and roughly paral-
lel to that of the radial glial fibers in the striatum (Misson
Figure 4. Movement of Progenitor Cells in the Dorsolateral SVZ et al., 1988; Halliday and Cepko, 1992; De Carlos et al.,
A computer reconstruction of the paths of movement of 22 GFP- 1996). Progenitors in the striatum also migrated roughly
expressing cells observed over 4 hr periods and compiled from four perpendicular to the radial, with a number of cells turning
separate preparations. The direction of each cell varies, and the
at approximately 908 angles (Figure 6D). Therefore, therecells frequently turn at various angles. Each circle represents the
seemed to be two major avenues, one perpendicularposition of the cell body of each individual cell, recorded every 9
and the other parallel to the ventricular surface. Notemin, and therefore the length of the line between two circles repre-
sents the relative velocity of the cell at that moment. S denotes the that progenitors appeared to avoid zones; these corre-
starting location. Arrow indicates the direction of each cell move- sponded to the intrastriatal bundles of axons, the pencil
ment. The depicted area of the dorsolateral SVZ is indicated by fibers. We confirmed this by immunostaining with anti-
slanted lines in inset. D, dorsal; V, ventral; M, medial; L, lateral. Scale
neurofilament antibodies and determined by confocalbars, 50 mm.
or epifluorescence microscopy that the GFP-labeled
cells (n 5 45 cells) were located between pencil fiber
bundles (Figures 7B and 7C). The processes were some-3) (Figure 6B). We found one cell that migrated in the
times closely located to or bent around the pencil fibers.opposite direction in white matter (Figure 6B).
However, if the progenitors were migrating along the
axon fibers, the cell bodies would be expected to resideProgenitors Migrate Directionally in the Striatal
within axon bundles, and we never observed such local-SVZ and Striatum
ization. As in other areas, we observed bidirectionalIn the striatal SVZ, GFP-expressing cells (n 5 39) mi-
migration, with a few cells migrating back into the striatalgrated parallel to the ventricular wall, either ventrally
SVZ.(n 5 34) or dorsally (n 5 5) (Figure 6C). As a population,
Figure 8 depicts a summary of migration patterns ofthey did not display the undirected migration observed
the postnatal progenitors described above.in the dorsolateral SVZ (see above). The predominant
direction of migration was parallel to the surface of the
ventricle, perpendicular to that of radial glial fibers (Mis- Migration Velocities
The average velocities of the individual cells in the dor-son et al., 1988; Halliday and Cepko, 1992). We con-
firmed the presence of radial fibers in the postnatal stria- solateral SVZ, cortex, striatal SVZ, and striatum were
calculated, and the differences of the mean velocitiestum by performing vimentin immunohistochemistry and
examined the spatial relationships between radial glia in the four regions were analyzed. The average velocity
Figure 5. Time Lapse Series of a GFP-
Expressing Cell in the Dorsolateral SVZ
The cytoplasmic process of this cell extends
and retracts, while the cell body shows no
displacement for 1 hr. The growth cone at the
end of the process moves actively, and the
process generates several transient filo-
podia. Each frame represents a single section
of a time lapse video sequence. Time is de-
noted in minutes in the top left corner. Scale
bar, 40 mm.
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Figure 6. Migration Pathways of Progenitors
after Leaving the Dorsolateral SVZ
Schematic drawings of migration pathways
of GFP-expressing cells observed over a 4 hr
period. See also the movies.
(A) In the cortex, most cells migrate in a radial
(ventrodorsal) orientation, while one cell turns
orthogonally (asterisk). One cell reverses its
direction, back toward the underlying white
matter.
(B) In the lateral white matter, cells migrate
along the white matter tract. One cell in this
field migrates in the opposite direction.
(C) In the striatal SVZ, cells migrate parallel
to the surface of the ventricle, either ventrally
or dorsally.
(D) In the striatum, cells migrate via two dis-
tinct pathways, one perpendicular and the
other parallel to the ventricular surface.
The paths in (A) and (D) were reconstructed
from a single preparation (but observed in all
preparations), and those in (B) and (C) were
compiled from three separate preparations.
The depicted areas are indicated by open
squares in inset in the top left corner. Sym-
bols (including circles and lines) and letters
are defined in Figure 4. Scale bars, 50 mm.
was calculated from the total displacement over the cells, the two processes appeared to be independent,
while in others, they appeared to be synchronous. In theentire observation period, although the moment-to-
moment velocity of any cell was not constant, as noted former case, the nucleus maintained a stable position,
while the leading process gradually lengthened (Figureabove. In the dorsolateral SVZ, only the cells showing
movement of the cell body were included in velocity 9A). Subsequently, the nucleus translocated during a
stage in which the process did not elongate. The nucleusmeasurements. In the cortex, white matter, striatum, and
striatal SVZ, all of the GFP-expressing cells migrated at always translocated toward the distal end of the leading
process, thus producing a rapid shortening of the pro-some time during the observation. The overall migration
velocity of cells in the cortex (mean 6 SD 5 89.4 6 10.8 cess (Figure 9A). We never observed the nucleus translo-
cating into a retracting cell process. Occasionally, amm/hr, n 5 11 cells), striatum (88.2 6 6.0 mm/hr, n 5
17), and striatal SVZ (84.6 6 4.8 mm/hr, n 5 18) was thinner trailing process was left behind the cell body. In
the latter case, the nucleus and the leading processfaster than cells in the dorsolateral SVZ (52.8 6 3.0
mm/hr, n 5 35). The average velocity of cells in the advanced synchronously (Figure 9B). Leading pro-
cesses of cells migrating in this mode tended to bedorsolateral SVZ was significantly slower than those in
other regions (p value , 0.05, analyzed using one-way shorter and thicker than those of cells in which the pro-
cess alone moved. In the cortex, independent move-ANOVA). A variety of velocities have been reported for
cells of different species and in several areas of the ment appeared dominant, while in white matter, syn-
chronous movement appeared more common. Bothcentral nervous system. The average velocity of cell
migration calculated in this study was faster than those types appeared in the striatum and in the SVZ, as well
as a mode in the SVZ in which the nucleus did not movepreviously reported for DiI-labeled cells in slice prepara-
tions (O'Rourke et al., 1992, 1997; Fishell et al., 1993; at all, despite extensive process growth and retraction
(as noted above, Figure 5).Komuro and Rakic, 1995, 1998; Phelps et al., 1996),
in which average velocities of the migrating cells were
roughly 10±25 mm/hr. Patterns of Orthogonal Turning
We noted a number of examples of migrating cells that
turned at approximately right angles. In the cortex, thisNuclear Translocation and Cell Process Movement
Can Be Independent or Linked resulted in tangential migration. Two distinct patterns
of cellular change were seen during the execution ofThe net migration of a cell requires both extension of
the leading process and translocation of the nucleus in turning. The first pattern involved the stabilization, or
coming to rest, of the cell body, followed by the forma-the direction of migration. We observed both extension
and translocation in migrating progenitors. In some tion of a new leading process (Figure 10A). At the turning
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Figure 7. Progenitors in the Striatal SVZ and
Striatum
Confocal images showing spatial relationship
between GFP-positive progenitors and radial
glial fibers or axon fibers in fixed P3 brain.
(A) Progenitors in the striatal SVZ orient or-
thogonally to the vimentin-labeled radial fi-
bers (red). D, dorsal; V, ventral.
(B and C) The processes and cytoplasm of the
GFP-positive cells in the striatum are located
between neurofilament-labeled axon fiber
bundles (red).
Scale bars, 45 mm for (A), 20 mm for (B), and
12 mm for (C).
point, the translocation of the cell body ceased. The lead- cortex that showed bidirectional movement with similar
ing process shortened and then collapsed. Simultane- behavior during a tangential migration.
ously, a small number of new, thin processes sprouted
from the proximal trunk of the leading process. One of
these new processes gradually thickened to become Discussion
the new leading process, and the cell resumed migration
in its new direction. The other pattern involved a bending Patterns of Progenitor Migration
of the leading process itself, while the cell body contin- One of the striking observations was that the patterns
ued to move (Figure 10B). The leading process gradually of movement of immature cells varied from region to
bent to a right angle as the cell body moved in the initial region. Within the dorsolateral SVZ, cells did not seem
migratory direction. The leading process elongated (in to follow definable, preferred directions, but rather
the orthogonal direction), and subsequently the cell changed direction a number of times. The movements
body turned and followed. are reminiscent of the dispersion of immature cells in the
Some cells reversed direction along the same axis, embryonic VZ, as imaged by DiI labeling in situ (Fishell et
advancing and returning along the same route (Figure al., 1993). In contrast, progenitors in the striatal SVZ did
11). At the turning point, the cell reduced its speed and move preferentially, parallel to the ventricular surface,
temporarily stopped, with a rapid retraction of the lead- both ventrally and dorsally. This directionality is reminis-
ing process and the formation of a new leading process cent of progenitor dispersion in the embryonic gangli-
at the opposite pole of the cell body. During the turn in onic eminences. There, Halliday and Cepko (1992) pro-
direction, no other processes were formed from the cell vide evidence for clonal dispersion parallel to the
body or leading process. We observed one cell in the ventricular wall in both VZ and SVZ, suggesting dorsal
or ventral migration. The mechanisms underlying this
tangential migration in the striatal SVZ are unclear. There
may be a border between the striatal SVZ and the stria-
tum that restricts cell migration, until a progenitor en-
counters and also recognizes a preferable track, such
as radial fibers, and begins to migrate thereon.
We observed progenitors that migrated from dorsolat-
eral to striatal SVZ, indicating that mixing of progenitors
occurs, and raising the possibility that progenitors that
originate in one region of the SVZ may migrate to colo-
nize other regions (more ventral regions colonize more
dorsal regions or vice-versa). The SVZ has been pre-
sumed to be derived from the ventricular zone, but
whether specific regions of the VZ preferentially give rise
to SVZ is not clear (such as the ganglionic eminence). In
this model, the generation of SVZ regions focally within
the VZ could result eventually in a full SVZ expanding
Figure 8. Migration Pathways of Progenitor Cells in the Postnatal
over the entire ventricular surface.Forebrain
It has been proposed that a junction appears betweenIn the dorsolateral SVZ, cells move in an undirected manner (indi-
the dorsal neocortical and basal striatal proliferativecated by zigzag arrows and uneven directed arrows) or show no cell
body displacement (indicated by a dot). In contrast, cells migrating in zones during the early stage of telencephalic develop-
cortex, white matter, striatal SVZ, and striatum move in a directed ment. Their territories are characterized by their patterns
fashion. Note in all these regions cells can migrate in an opposite of regulatory gene expression (Simeone et al., 1992;
direction to the major migrating stream. Axon bundles in the striatum
Bulfone et al., 1993; Puelles and Rubenstein, 1993; Ru-(pencil fibers) are indicated by striped oval areas. Other possible
benstein et al., 1994). There is evidence from the chickpathways from the white matter into the lateral cortex and striatum
(proposed by Zerlin et al., 1995) are depicted by dotted arrows. diencephalon that morphological discontinuities and
Migration of Glial Progenitors
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Figure 10. Two Distinct Patterns of Orthogonal Turning
The morphological features of two migrating cells are traced on a
Figure 9. Nuclear Translocation and Process Extension computer monitor projecting time lapse images. A rough migration
pattern of each cell is illustrated in the bottom right corner, in whichTime lapse video sequences represent the two modes of nuclear
each filled circle represents the position of the cell body at every 9translocation. Time is denoted in minutes in the top left corner. The
min and the positions are numbered in temporal order, the numbersdashed line and solid line represent the position of the nucleus and
corresponding to numbers in the tracings.the distal end of the leading process, respectively.
(A) In this cortical cell, translocation ceases at the turning point. The(A) An example of a striatal cell in which nuclear translocation and
leading process branches, then all branches collapse, except forcell process movement are independent. The nucleus maintains a
one orthogonal process, which thickens and becomes the new lead-stationary position, while the leading process gradually lengthens
ing process. Then, the cell resumes migration in the new direction.(0±12 min). Then, the nucleus translocates toward the distal end of
(B) For this cell in the striatum, the leading process gradually bends,the leading process (18 min). After that, the leading process elon-
while the translocation of the cell body continues.gates further (24±27 min), and then the nucleus translocates again
(33±36 min). Note that the positions of the distal end of the process
are identical before and after the nuclear translocation (12 versus
18; 27 versus 33 min). A thinner trailing process is left behind the cell boundary (Misson et al., 1988; De Carlos et al., 1996)
body (arrowheads). Each dot-dashed line represents the position of seems also to support this notion. However, recent stud-
the nucleus in the former frame. A small horizontal arrow in the first ies with DiI tracing have suggested that certain neocorti-
frame marks a fixed reference point in this slice. cal neurons originate from the underlying ganglionic em-
(B) An example of a striatal SVZ cell in which the nuclear transloca-
inences and migrate into the neocortex by crossing thetion and process movement are linked. Note that the positions of
ganglionic eminences (De Carlos et al., 1996; Andersonboth the nucleus and the distal end of the leading process have
moved synchronously with similar tempo. Scale bar, 20 mm. et al., 1997; Tamamaki et al., 1997), indicating a subset of
migrating cells is not prevented from crossing between
these regions. The present study provides no evidence
for such telencephalic±striatal segregation in postnatalpatterns of gene expression also correlate with restric-
tions in cell migration (Figdor and Stern, 1993). Accord- gliogenesis. Progenitors from the SVZ appeared to move
freely between the dorsolateral and the striatal SVZ re-ingly, it has been suggested that this corticostriatal junc-
tion also segregates cell destination: cells generated gions. Thus, either there is no border within the SVZ or
glial progenitors do not obey molecular cues that definedorsal to the junction exclusively give rise to the cortex,
whereas cells of the ventral side give rise to the striatum such a border.
Having emigrated from the SVZ into overlying white(Krushel et al., 1993; Neyt et al., 1997). Consistent with
this notion is the finding that cells in the telencephalic matter and cortex, progenitors migrated in a far more
directed fashion. Many took radially oriented paths, con-VZ disperse tangentially, yet they never cross from neo-
cortex to striatum (Fishell et al., 1993). That radial fiber sistent with their migration along the radial glial system
(see Introduction). We have confirmed the presence offascicles are densely concentrated and curved at the
Neuron
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unpublished data). One interesting feature in the striatal
migration was the avoidance of the pencil fiber axon
bundles. It has been suggested that axons may support
the nonradial migration in the diencephalon (Golden et
al., 1997), in the spinal cord (Phelps et al., 1996), and
into the hypothalamus along the vomeronasal nerve
(Fueshko and Wray, 1994; Yoshida et al., 1995). Oligo-
dendrocyte progenitors migrate in the direction of axon
bundles in the optic nerve. Thus, migration along axons
may well occur, but may require specific, as yet unde-
fined axonal properties. Otherwise, given a choice be-
tween radial glia and axons, migrating progenitors have
a greater affinity for the former.
Dynamics of Nuclear Translocation
and Process Growth
Figure 11. Bidirectional Migration We have observed two modes of nuclear translocation:
A cell in the striatum advances and returns in opposite directions. a quick dislocation of the nucleus following the elonga-
At the turning point (cell body position #10±15, marked by a large tion of the leading process (Figure 9A) and a relatively
circle), which takes over 45 min, the cell reduces its speed and synchronous advancement of the nucleus and the lead-
stalls, with a retraction of the leading process and the formation of
ing process (Figure 9B). Since there was an intermediatea new process at the opposite pole of the cell body. Cytological
form of behavior between these two modes of nuclearfeatures at the turning point are depicted in the rectangle. Symbols
migration (i.e., elongation of leading process and slightand numbers are defined in Figure 10. The dashed line with open
circles and the solid broken line with filled circles denote the forward dislocation of the nucleus simultaneously) and many
and backward paths, respectively. cells moved in one mode followed by the other mode,
these modes presumably represent different phases of
cell advancement rather than reflecting cell-type spe-
cific or region-specific properties. Nuclear transloca-radial fibers in the slice preparations by vimentin immu-
nohistochemistry (Figure 7A shows such processes in tion, separate from process growth, has been inferred
from morphological studies of developing brain (seethe SVZ itself, but examination of the entire section re-
veals a normal appearing radial glial system [data not Book and Morest, 1990, for example), noted in migrating,
immature neurons and glia in cultures (Book et al., 1991;shown]). The migration pathway in the lateral white mat-
ter (Figure 6B) is also parallel to the radial fiber fascicles, Small et al., 1987; Wichterle et al., 1997), and visualized
in cerebellar slices by interference microscopy (Hagerwhich extend along the white matter (Misson et al., 1988;
De Carlos et al., 1996). In addition, a small number of et al., 1995) and developing cortex by DiI labeling
(O'Rourke et al., 1992). The fine details of kinetics canprogenitors dispersed tangentially in the cortex (Movie
1). Although radial migration appears to be the pre- be approached using labeling and imaging techniques
like the one we present here.dominant pathway undertaken by immature neurons
(O'Rourke et al., 1992; Tan and Breen, 1993; Kornack In addition to actively moving cells, a substantial pro-
portion of SVZ cells did not migrate. The cell bodiesand Rakic, 1995), there are many examples of tangential
migration in which immature cells move parallel to the remained stationary during the hours of observation.
Nevertheless, cytoplasmic processes moved actively,surface of the ventricle and perpendicular to the direc-
tion of radial fibers (Austin and Cepko, 1990; Halliday extending and retracting. Since nuclear translocation is
clearly separable from process growth, we believe theseand Cepko, 1992; O'Rourke et al., 1992, 1995; Walsh
and Cepko, 1992, 1993; Hemond and Glover, 1993; stationary cells have uncoupled process movement
from nuclear movement.Leber and Sanes, 1995; Reid et al., 1995; Tan et al.,
1995, 1998; Zhang and Goldman, 1996). In contrast to One of the striking dynamic features of the SVZ cells
was their rapid alteration in morphology. Within minutes,neurons, however, since progenitors from the SVZ con-
tinue to divide as they migrate through the brain, siblings an individual cell could assume a bipolar or a unipolar
shape, display a variety of branching patterns, or with-can be aligned radially and/or tangentially, or be ar-
ranged in a cluster, if they continue to divide after ceas- draw all processes. All represented transient stages,
variations upon a relatively simple shape. None of theing migration. Thus, the final destinations of clonally
related siblings can spread widely in the forebrain. In- migrating cells ever manifest a complex, multiprocessed
form, such as that shown during astrocyte and oligoden-deed, current work with a retroviral library indicates that
a single SVZ cell can give rise to glial progeny in both drocyte development (Figures 1A and 1B). Thus, the
static images of progenitors identified in fixed sectionswhite and gray matter (M. Zerlin et al., personal commu-
nication). represent only temporary forms that any given cell as-
sumes as it migrates (LeVine and Goldman, 1988; SkoffThose progenitors that enter the striatum migrate
preferentially via two distinct pathways, which seem to and Knapp, 1991; Fulton et al., 1992; Levison and Gold-
man, 1993; Zerlin et al., 1995). However, progenitorsrun perpendicular to each other (Figure 6D and Movie
2). The substrates for migration are unclear, although migrating along subcortical white matter tracks ap-
peared to retain the unipolar form more stably, althoughradial glia may contribute to migration in both directions,
since radial glia branch and bend in the striatum, many we have not imaged enough of them as yet to draw a
firm conclusion.at approximately 908 angles (Misson et al., 1988; our
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retrovirus plasmid (pNIT) containing a cDNA fragment of GFP (EGFPWe observed a number of progenitors turning orthog-
c2; Clontech, Palo Alto, CA). Transient transfections of vesicularonally during migration. This turning appeared to take
stomatitis virus G (VSV-G) protein were performed on nonconfluenttwo forms. The first pattern involved the cessation of
cultures of producer cells, and virus was collected from the culture
cell body movement, the withdrawal of a leading pro- supernatant (Dulbecco's modified Eagle's medium with 10% fetal
cess, and the formation of a new leading process (Figure bovine serum) after 48 hr. Concentrated viral supernatants were
produced by ultracentrifugation at 50,000 3 g for 1.5 hr at 48C, and10A); the second pattern involved the continuous move-
viral particles were resuspended in 1/100 the initial volume withment of the cell body and a bending of the leading
Opti-MEM (GIBCO, Long Island, NY). Small volume aliquots wereprocess (Figure 10B). The first pattern may represent a
stored at 2808C until use. The titer of the concentrated viral stocksearching for migratory cue(s) by repeated extension
was approximately 5 3 105 cfu/ml, which was determined by count-
and shortening of cell processes without a net change of ing the number of colonies of GFP-expressing NIH3T3 fibroblasts
the cell body. This behavior is similar to those stationary under a Zeiss Axiophot microscope equipped with fluorescence
optics, 48 hr after inoculation. Helper virus was not detected.cells in the SVZ (Figure 5), though the latter continued
such behavior for a longer period. Presumably, nuclear
Stereotactic Surgery and Retrovirus Injectionstranslocation becomes disconnected from process move-
Stereotactic surgery and retrovirus injections were performed asment. New processes may originate as branches of ex-
described in detail elsewhere (Levison and Goldman, 1993; Zerlinisting processes or as new processes from the cell body.
et al., 1995). Briefly, Sprague-Dawley neonatal rats (P0±P1; the dayThose progenitors that show the second pattern of turn- of birth being designated as P0; from Charles River Labs) were
ing may be following a curved, preferential track, possi- deeply anesthetized by immersion in ice water for 8 min, positioned
bly radial glia. Nonradially oriented branches of radial in a stereotactic apparatus, and 1 ml of retroviral stock solution was
injected unilaterally into the forebrain SVZ with a Hamilton syringeglia are found in several areas of the CNS (Misson et al.,
using stereotactic coordinates of 0.7 mm anterior and 1.9 mm lateral1991; O'Rourke et al., 1995). This pattern was typically
to bregma at a depth of 1.9 mm. Such injections placed virus withinobserved in the striatum where arborization and curving
the SVZ at the level of the septal nucleus and striatum. This levelof radial fibers are frequently seen. of the SVZ is posterior to a discrete region of the anterior part of
We observed progenitor cells that reversed direction, the SVZ where interneurons of the olfactory bulb can be generated
to migrate back toward the SVZ. Most of these cells (Luskin, 1998).
withdrew a leading process, grew a new process at the
opposite pole, and proceeded in the opposite direction, Slice Culture
On the third day postinjection (P3±P4), rats were anesthetized byin some cases apparently along the same track. Tracks,
immersion in ice water and brains removed. Coronal slices of cere-such as radial glial fiber systems, therefore, appear to
bral hemispheres, 250 mm thick, were cut on a McIlwain tissuebe bidirectional, as noted previously for radial glial sys-
chopper and separated gently in cold PBS. Slices that contained
tems in cerebellar cultures (Hatten et al., 1984; Hatten, the septal nuclei and striatum were selected under a dissecting
1990). Glial progenitors in vivo are able to reverse direc- microscope. Slices containing the injection needle track were dis-
tions, as noted previously for migrating neurons in the carded. Slices were observed in movie dishes: a 14 mm diameter
hole was punched in the center of petri dishes (Falcon 1006), anddeveloping cortex (O'Rourke et al., 1992) and for O-2A
a 22 mm coverslip (Thomas Science) was attached with wax (aprogenitors from optic nerve in vitro (Small et al., 1987).
mixture of paraffin and vaseline in the ratio of 3 to 1) to the bottomWhat then produces a net movement of progenitors
of the dish to cover the hole (Edmondson and Hatten, 1987). The
from SVZ to peripheral locations? In migrating neurons, incubation medium consisted of serum-free media supplemented
microtubules in the leading process are highly polarized, with Eagle's Basal Medium with Earle's salts (BME; GIBCO, Cat.
with positive ends uniformly facing the growing tip No. 41100), 18.6 mM NaHCO3, 1% BSA (fraction 5, Sigma), 5 mg/l
insulin, 5 mg/l transferrin, 5 mg/l sodium selenite (Sigma medium(Rakic et al., 1996). Thus, a progenitor may start its
supplement, Cat. No. I-1884, Sigma, St. Louis, MO), 20 U/ml penicil-migration with a preferred direction of movement. Most
lin/streptomycin, 2 mM L-glutamine (GIBCO), 27 mM glucose, andapparently maintain this polarity. However, since disrup-
7.9 mM NaCl. After rinsing in HBSS and subsequently in the medium,
tion of microtubules results in the collapse of processes the slice was put on the surface of the coverslip dish, which had
and the cessation of migration (Rivas and Hatten, 1995), been coated with poly-D-lysine (200 mg/ml overnight, Sigma) and
the reversal of directions that we observed must involve laminin (20 mg/ml for 30 min, Sigma). The slices were maintained in
a humidified incubator (378C, 5% CO2) for 3±10 hr before startingthe disassembly of microtubules in the leading process
observation.and at the same time, the formation of a polar array of
microtubules in the new leading process at the opposite
Time Lapse Image Acquisitionpole of the cell. Gradients of soluble molecules could
Time lapse video recordings were performed as previously de-also play a role in the net centrifugal migration. O-2A
scribed (Godement et al., 1994; Mason and Wang, 1997). The culture
progenitors will migrate along an increasing gradient of dish was placed on the stage of a Zeiss Axiovert 35 M with a 100
PDGF (Armstrong et al., 1990; Frost et al., 1996), but W mercury lamp, maintained at 378C using a thermostatically driven
whether such a gradient exists in the developing postna- heater (Nicholson Precision Instruments, Bethesda, MD). Potentially
damaging illumination to the slice was reduced by placing a neutraltal brain is not known. In the future, studies examining
density filter and a shutter (Uniblitz, Vincent Associates, Rochester,the effects of gradients or investigating specific molecu-
NY) in the light path. Images were obtained with a silicon-intensifiedlar cues for the recognition of migratory tracks by pro-
target (SIT) camera (Hamamatsu, Japan) and recorded onto an opti-
genitors in situ will shed light on mechanisms of glial cal memory disk recorder (OMDR; model 3031, Panasonic) after
progenitor migration and differentiation. being processed by a digital image processer (METAMORPH, Uni-
versal Imaging, West Chester, PA). Images of GFP-expressing cells
were viewed on a Zeiss Axiophot microscope equipped with fluores-Experimental Procedures
cence optics at lower magnification using a dry objective lens (203).
At the beginning and end of each recording session, a phase imageRetrovirus Products and Stocks
GFP retrovirus was produced by a packaging cell line (kindly pro- at 103 magnification was captured to view the orientation of the
preparation and to determine the position of the cells. Each imagevided by Drs. Suhr and Palmer, Laboratory of Genetics, The Salk
Institute for Biological Studies), which had been transfected with a was composed of sixteen consecutive scans of a particular field,
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obtained over a 2 s exposure, and then averaged. Images of each course of this work; Peter Kim, Martin Julius, Jan Kitajewski, Mark
field were captured every 3 min. To obtain images of fine movements Head, Atsuyoshi Shimada, Theresa Swayne, and Jayme Martys for
of cell processes, we also performed several series using an oil- advice with retrovirus production, cell culture, and image pro-
immersion objective (403). The images were recorded for periods cessing; Steve Suhr and Theo Palmer (The Salk Institute, CA) gener-
ranging from 4 to 8 hr. During the recording time, the focus was ously provided the retroviral packaging cell line. This work was
continually monitored and changed manually if the cell body or supported by NIH grant NS17125.
leading process went out of focus. Sometimes, the recording fields
had to be switched because labeled cells migrated out of the fields;
Received March 8, 1999; revised June 2, 1999.in such cases, frames before and after switching the fields were
obtained using the 103 objective to record the shifts. If no cell
movement was observed in any field of the slice for up to 1 hr, that
Referencesslice was discarded. If cells were observed to oscillate synchro-
nously in a single optical field, it indicated insufficient attachment
Altman, J. (1966). Proliferation and migration of undifferentiated pre-of the slice to the coverslip, and such slices were discarded. The
cursor cells in the rat during postnatal gliogenesis. Exp. Neurol. 16,data included in this study were based on approximately two-thirds
263±278.of prepared slices.
Anderson, S.A., Eisenstat, D.D., Shi, L., and Rubenstein, J.L.R.
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